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(Ffrst Interim Report) 

RESEARCH I N  THE: EFFECTIVE l 3 I P U B E ~ I O N  
OF 

GUIDANCE COMFUIBRS WITK LARGE SCALE ARRAYS 

By J. J. Pariser 
F, D. Erwin 
J, F. McKevitt 
J, A. Burke 
c. P. Disparte 

Hughes Aircraft Company 
Fullerton, California 

This report i s  the first of two resulting from a study of an effective 
method of implementing guidance computers, The approach used applies func- 
tional logic characters t o  the selected system design of the IWiA Modular 
Cmputer (JWC) as represented by a modular computer breadboard (MCB), 
characters are specified as the building blocks and a repertoire of micropro- 
gram instructions i s  defined. 
blocks, There are three logic characters, one register character, three 
micromemory-related characters and three miscellaneous Characters (scratch pad 
memory, real-time clock and switch), A micromemory word contains instruction 
and constant fields. Based on available information of the MCB Computer, a 
design of each of the f ive units was completed using the functional characters, 
The design of each uni t  i n  gefteral includes selecting proper characters and 
microprogramming each micromemory t o  provide proper logical interaction of 
characters within a unit  and between units t o  furnish a l l  specified MCB 
machine instructions and operations. An evaluation of the implementation of 
the MCB using functional characters i s  given, 
resul ts  in favorable operating time and a reasonable hardware count. 

The 

The character set to ta l s  ten unique building 

The preliminary implementation 

The report includes sections on special-purpose computers, spaceborne 
computer characteristics, and weighted design characteristics for aerospace 
computers, It i s  demonstrated i n  the section on special-purpose cmputers 
that  the same functional character set can readily implement a special- 
purpose computer. B e  other sections encompass reports prepared t o  give a 
current overview of the related subdects on aerospace computers. These 
sections point-up the wisdom of the functional character set approach t o  
implementing the upcaning generation of digi ta l  systems. 
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The character set has been chosen fram the logical. design point of view 
for the moment holding i n  abeyance sane of the design guidelines, thus the 
gates per character are i n  the vicinity of 300; the gates per chip need not 
be as large however. 
mechanical and electr ical  arrangements. The subpartitioning of characters 
into chips with about 100 gates per chip i s  the next phase of this study. 

A character could contain several chips in some 

Since the characters represent a logical complement, they can be 
implemented with almost any ty-pe of circuitry tha t  meets the speed-power 
considerations. 
i n  the work statement. 
MOS circui ts  receive parallel  consideration as the implementation vehicle. 
The decision does not need to be made unt i l  the commencement of a prototype 
design of a computer. %on implantation i s  required i f  MOS i s  t o  be used t o  
meet the speed and power objectives. The re l iab i l i ty  and availability risks 
of the ion implanted MOS circui ts  are reasonable and manageable. 

The study i s  proceeding ut i l iz ing TGfL circui ts  as stipulated 
Hawever Hughes strongly recommends that  Ion-implanted 
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Logical Design of digital  equipments i s  based primarily on Boolean 
logic with some sprinkling of switching theory. Nowever, by and large, the 
design i s  an individual matter, lackla@; standardization, with each designer 
retracing the steps of his colleague. 
such as use of macros, higher order languages, etc,, are relatively unknown 
i n  logical design, This study endeavors t o  introduce standardization t o  the 
task of logic design i n  a form characteristic of a higher order language. 
t h i s  end, a set of functional characters has been designed and successf'ully 
tested for  sufficiency of implementing various digital equipments. 
tion" referred herein and throughout the report implies i n  the logical sense 
and not i n  the c i rcu i t  sense. The difference between these l i es  i n  the 
realization of physical c i rcui ts  which represent the logic and a t  the same time 
accommodate the various electrical ,  thermal, and mechanical constraints. A 
character i n  this  report refers  t o  a logical ent i ty  which can be subpartitioned 
t o  suit the  physical implementation requirements. !The work associated with 
taking the logical specifications t o  a physical realization involves many  
tradeoffs and interactions of various disciplines. 
of further effor ts  and studies. 

The methods ut i l ized i n  programming 

To 

"Implementa- 

This work w i l l  be a subject 

A significant portion of' t h i s  report i s  devoted t o  demonstrating the 
application of a m i n i m a l  set of general-purpose functional characters (logic 
arrays) t o  the implementation of an existing logic design of a generd-purpose 
computer. The reader i s  therefore introduced first t o  the set  of logical build- 
i n g  blocks, 
microprogram-word structure suitable for controlling the desired logic functions 
of the specified machine instructions, Following the presentation of t h i s  
basic background material, the detailed preliminary implementation of the MCB 
Computer i s  given. 
functional characters as shown i n  a block diagram fonn. 
the microprogram operations for general u n i t  operation and, i n  some cases, for 
specific detailed examples. Some general observations and conclusions related 
t o  the functional character bplementation are presented, 

He i s  then presented w i t h  a repertoire of micro-instructions and 

I n  general, each uni t  of the MCB i s  implemented w i t h  t h e  
A flow diagram presents 

The f lex ib i l i ty  of the functional characters i s  demonstrated by performing 
a first-cut design of a digi ta l  differential  analyzer (DDA) using the same 
techniques applied t o  the implementation of the MCB, 
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The last  two sections of t h i s  report are i n  fact, separate reports 
wepared as part of the overall study on aerospace computers. These reports 
cover the topics of aerospace canputer characteristics and weighted design 
characteristics. 

The reader is advised t o  v i e w  t h i s  report and effort w i t h  i t s  purpose i n  
mind. N a m 4  t o  demonstrate the feas ib i l i ty  (not practicability) of imple- 
menting various digital systems using wedesigned fknctionally-organized 
logical groupings - functional character set. The fac t  that the MCB imple- 
mentation resulted i n  comparable speeds with the cutoni-designed logic i s  
indeed an unexpected benefit, since no optimization of the arcZlitecture for 
use of functional chasacters has been attempted. !Be purpose of the imple- 
mentation was simply to  demonstrate conclusively that purely on a logical. 
basis equipnents can be designed w i t h  pre-interconnected logic. Our intent 
was t o  completely ignore the c i rcu i t  aspects (speed, fan-in, fan-out, etc.). 
Now tha t  the feasibility of deblgning digital equipnents using macro-logical. 
elements (f’unctional characters) has been established, we  w i l l  proceed accord- 
ing  t o  our work plan with the refinements of the character set and procedures 
i n  order t o  obtain the most eff ic ient  design i n  terms of production risk, 
reliabil i ty,  performance, etc. 
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DESCRIPTION OF l3UILDIE BLOCKS 

This section describes a set of building blocks for  implementing the 
logic of digi ta l  systems. The building blocks are defined as characters.* 

The f'unctional character set i s  a group of logic a r r a y s  forming a self- 
sufficient family of blocks which reduce cmputer design t o  a detxmdnation 
of character types and number, 
are required as l i s t e d  belm. 
following paragraphs: 

For the design of the MCB, 10 character types 
They are described i n  greater detail  i n  the 

G1 Register storage P1 Scratch pad memory 
L1 General logic ~2 Up/Down counter 
L2 Arithmetic logic P3 Switch 
~3 In-put/Output 
M l  Micromemory counter 
M2 Micro-instruction Register 
MM Micro-arrw 

I n  some cases the characters resemble the commercially available complex 
functions (MSI), the difference being i n  systematic design approach, 
versati l i ty,  and completeness of the set  t o  form systems. I n  contrast, com- 
plex anc t ion  characteristics tend t o  be derived from s t a t i s t i c s  of usage i n  
pre sent computer de signs 

Characters of the sane l e t t e r  are logically groupd into a common unit  as 
i l lustrated i n  the diagram belaw: (Figure 1) 

92577-3 

CONTROL UNIT AUXILIARY UNIT 

Figure 1. Typical Functional Character Configuration 

m e  words "character" and "card" are used interchangeably. ( I t  i s  not 
t o  be inferred that the logic content of a functional character w i l l  necessari- 
l y  represent the contents of a c i rcui t  card,) 
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GI Character 

The G1 character provides the bulk of storage for operands of the micro- 
program. Each character contains 4 registers of 8 b i t s  each accompanied by 
reading and writing selector gates. 

The input buss carries information t o  the character. The data from the 
buss i s  distributed within the characters under micro-program control, with 
the command decoding being part of the character. Similarly, the output of 
the character is presented on the output buss under microprogram control. 

The conceptual structure of the G1 character i s  shown i n  Figure 2. 

92577-1 

--------- 
OUTPUT 
(READ) 4 REG x 8 BITS INPUT 

(WRITE) 

CONTROL 

Figure 2. G1 Character Block Diagram 

6 



The Ll character provides the basic logic f'unctions for  use by the micro- 
program, These functions consist of the rotates, shifts (logical), transfer, 
complement, "m", and incrementation, Also associated w i t h  the L1 character 
i s  the decoding logic for  these logic operations. Incrementation and some 
other f'unctions are accmplished w i t h  the use of a logic register. The L1 
character i s  8 b i t s  w i d e  and contains the following logic: 

1, Decoding logic 
2, Rotate, shift, and canplement logic 
3. Incrementer 
4. L register 
5. Gating t o  output bus 

I n  Figure 3 i s  shown a block diagram for the L1 character. 

92577-2 

Figure 3. L1 Character - Block Diagrams 
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Several L1 characters mw be connected together t o  form logic operations 
on words longer than one byte. 

Information t o  the L1 character i s  presented a t  the input. 
the information operated upon by the logic function i s  selected from the 
current micro-memory word and decoded i n  t h i s  character ( l e f t  side of 
Figure The resultant i s  available a t  the output where it leaves the 
character or i s  optionally stored i n  the L register (where it would thus be 
available a t  the next micro-instruction time fo r  internal use. 

Thereafter 

), 

Le Character 

The L2 character provides the major arithmetic functions for  use by the 
micro-program. Addition i s  performed with carry look-ahead byte parallel, 
Control signals may condition the adder t o  alternately provide either of two 
special results (a) a mod 2 addition instead of f u l l  addition or (b) an input 
carry t o  the lowest order b i t  for f u l l  addition. All arithmetic i s  i n  2's 
complement form. The L2 character consists of two holding registers for the 
operands of the adder, the adder i t s e l f ,  decoding and error logic, and bussing 
gates. Figure 4 diagrams function-wise the L2 character. 

92577-4 

INPUT 

I 
I 
I 
I 

I 
1 
I 
I----- 

DECODE 
AND ARITHMETIC LOGIC 
CONTROL 

CONTROL I ). 

OUTPUT 

Figure 4. L2 Character Block Diagram 
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A typical arithmetic operation using the  L2 character might proceed as  
follows: 
appropriate delay resul ts  are presented a t  the output of the L2 character. 
error logic provides overflow and carry-out information. 

(1) first operands are transferred t o  A and B registers (2) after 
The 

L3 Character 

The L3 character provides input/output interface, The L3 character pro- 
vides input gating for external devices, output gating t o  a common 1/0 bus, 
and an address and a data register. Figure 5 i s  a block diagram of L3, 

92577-5 

AND 
CONTROL 

CONTROL 

OUTPUT 

- 1/0 INPUT-OUTPUTA -(SELECT 

Figure 5. L3 Character - I/O Interface Block Diagram 
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selection, either ( s t i l l  under micro-memory control) the content of the data 
register only or the content o ess register followed by the content of 
the data register af ter  a m  a t  the output. 1/0 

essing i s  thus a 
l ines  while data 
d device as w i  

M l  Character 

The M l  character provides the micro-memory address register and related 
The 10 address b i t s  of Ml. allow for addressing up t o  1024 micro- 

The address i s  contained i n  the MMC (Micro Memory Counter) 

nstFuetiQa wo 
r which automatically ste 

functions. 

register and serves t o  address the micro-memory proper. 
iimemory words. 

The MMC register con- 

Figure 6. M1 Character Block Diagram 
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Branching or transferring within the micro-program i s  provided for by two 
modes: Unconditional transfer and conditional transfers . 

M2 Character 

The M2 character contains a micro-memory register. The micro-memory word 
is divided into three fields. The f i r s t  and the second fields are instructions 
and the t h i r d  i s  a constant. Timing i s  derived from the timing base. Figure 7 
shows the block diagram of M2. 

92577-7 

OUTPUT 

1 
I 

.LI- 

1 J I 

7-- G +  
e MICRO INSTRUCTION REGISTER 

I 
TIMING 
CONTROL 

MICRO ARRAY 

Figure 7. M 2  Character Block Diagram 



MM Character 

The MM character contains the micro-memory array. The address register 

The presence of an address on the input l ines  causes the 

The MI4 

and word register for  the array are located on MI. and M2 respectively. MM i s  
a read-only array. 
contents of referenced location t o  appear on the output lines af ter  an appro- 
priate delay and t o  remain there un t i l  the input address is removed, 
character contains 256 word segments, Figure % shows the block diagram of MM. 

92577-8 

1 ------- I 
ROMEMORY 1 

DECODE 

Figure 8. MM Character Block Diagram 

P1 Character 

The P1 character i s  a scratch pad memory of 256 b i t s  of storage. The 
scratch pad i s  arranged into 16 registers of 16 b i t s  each. Figure 9 i s  a 
block diagram of P1. 

r 
I 
I 
I 
I_ 

92577-9 
ADDRESS 

1 
I 

------ 
REGISTER 

D A T A  REGISTER I 

D A T A  

------- 
Figure 9. P1 - Character Block Diagram 
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~2 Character 

The P2 character i s  an expandable 8-bit up/down counter with lryte look- 

The counter may be read i n  parallel  and i s  resettable t o  any desired 
Figure 10 shows the block diagram detail. 

ahead logic. 
clock. 
value. 

The introduction of a t i m e  signa3 produces a real-time binary 

N E X T  STAGE (P2) 
PREVIOUS STAGE 
(P2) 

CLOCK 
(MI) 

L 3  ~ 

I 

Figure 10. P2 - Character Block Diagram 

The P2 character contains control logic allowing the counter t o  be i n  
a run state or stop state dependent upon micro-program control. 

P3 Character 

The P3 character provides the capability of switching any three input 
channels t o  any three output channels, 
figuration allows three simplex simultaneous connections. Figure 11 shows the 
block diagram for the switch. 

A 16-bit width i s  provided. This con- 



92577-11 

3 INPUT 
CHANNELS 

CONTROL 

CONTROL STORAGE 

3 OUTPUT 
CH ANN-ELS 
(I 6 BIT CHANNELS TYPICAL) 

I---I 
Figure 11. P3 - Character Block Diagram 

The input and output channels of P3 may be connected to  any electrically 
compatible interfaces. 



To ful ly  u t i l i ze  the building blocks of the previous section to implement 
the design of a digi ta l  system, a suitable micro-program repertoire of instruc- 
tions i s  required, The repertoire is related t o  the scope of the logical func- 
tions t o  be performed and the mount of direction tha t  c8n be conveyed t o  these 
logical functions within the contents of one micro-memory word. 

Micro-memory Word-Bits 
92577-12 

INSTRUCTION 

Figure 12. Micromemory Half-Word 
- .  - 

A micro-memory word is composed of three f ie lds  - - two instruction fields 
and a constant f ie ld ,  (See Figure la The instructions can access the 
constant f ield,  introducing into the data stream th is  constant from the micro- 
memory. 

Instruction Fields - The instruction f ie lds  are divided into three sub- 
f ie lds  - source, operator, and destination subfields as shown i n  Figure 13. 

92577-13 

OPERATOR DESTINATION 

Figure 13. Instruction Field 

The source specifies the origin of the data t o  be operated upon as defined by 
the operator field. 
sul t  w i l l  be stored after the operation i s  performed. 

The destination specifies the location where the data re- 

Source Subfield - The source subfield specifies the source of information 
f o r  the micro-command. I n  most cases, the idormation selected by the source 
subfield i s  operated upon as  specified by the operator subfield; however, there 
are exceptions. Particularly, sources not allowed an operator are those deal- 
ing with interlogic uni t  transfer and the incrementer. Sources are divided 
into two groups-those that are allowed the full range of operators (Group I )  
and those that  are allowed norr!(Group XI). 
these groups. 
accessed by Group I1 appears a t  the output of each character, 

Table I l ists  the contents of 
Data accessed by Group I appears a t  the input while data 



GROUP I G1 
a2 . . 
616 
ARS 
ADS 
RIO 
m 

GROUP I1 INC 

*ECS 

*MS 
*All3 
%IO 

Itemized below are the sources and their description. 

GROUP I Sources: 

G1 - ~ 1 6  - The general se t  of registers providing the buL, of the fas-zst  
access storage i n  the f'unctional system, A particular functiond system 
may have 4, 8, 12, or 16 registers i n  a standard register unit. Register 
lengths may vary subject t o  the following constraints: 

1, Because registers are bu i l t  i n  subgroups of 4, a31 4 
registers within one subgroup must be of equal length. 

2. Register lengths vary by an integral number of bytes. 

ARS - - Controls the accesses t o  the content of the A register i n  character 
L2 * 

ADS - - Controls the output of the arithmetic unit. 
the f u l l  sum of the contents of the A and B registers, however, the output 
may be modified as described ear l ier ,  
in i t ia t ion  but continually computes the result from the present contents 
of the A and B registers so that  a resul t  w i l l  be valid after an appropri- 
ate delay from the t i m e  of entry of l a s t  operand into register A or B. 

Usually t h i s  output is 

The arithmetic unit  requires no 

- R10 - Controls the accessing of data from the I/O channel specified i n  
the constant f ield and also causes t h i s  data t o  be set into the Do register 
of the L3 character. 

- CNT - Addresses the Constant f i e l d  of the micro-memory word, 
of this  f i e ld  enter the data stream right justified. 

The contents 
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GROUP I1 Sourcesr 

- IlJC - Addresses the content of the logic register of the Ll character. 
The incrementer logic i s  unclocked so that  after an appropriate delay 
the increment output i s  valid without Further signals and remains valid 
and available for  access unt i l  the L1 register content i s  changed. 

ARS - - Addresses the A register of an alternate logic uni t  and causes 
the transfer of this  data t o  the ordering unit. No operator i s  allowed. 

ADS - - Addresses the output of the arithmetic unit  of an alternate logic 
unit. 
The sum i s  introduced into the output data of the logic unit  associated 
with t h i s  instruction. 

A l l  conditions applying t o  adder access under ADS apply here. 

No operator i s  allowed. 

- R10 - Addresses the Do register of the alternate logic uni t  and introduces 
it onto the output data of the logic unit  associated with t h i s  instruc- 
tion. N o  operator i s  allowed. 

- ECS - This source code transfers the error code of the alternate logic 
unit  t o  the output data of the logic unit  associated w i t h  t h i s  instruc- 
tion. No operator is  allowed. 

Operator Subfield - The operator subfield specifies the type of operation 
the micro-instruction invokes. 
upon the data from the input bus and present the resul t  a t  the output bus: 

These operators are l i s t ed  below and operate 

RSO - 31 
Lso - 3l  
COM 
AND 

Each operator i s  itemized below along with a description of i t s  function. 

RSO - 31 - This operator provides f o r  a R i g h t  Shift  of the operand fram 
0 t o  31 positions. A sh i f t  of zero i s  equivalent t o  a straight transfer. 

LSO - 31 - This operator provides for a Left  Shift  of the operand from 
0 t o  31 positions. A s h i f t  of zero i s  eqxdvalent to  a transfek. 

- COM - The Complement Operator produces the ones complement of the operand. 

AND - - The "AND" operator generates the b i t  by b i t  logical AM> product 
of the operand and the contents of the logic register of the L1 character. 
The contents of the logic register must have been set  i n  a previous cycle 
time. If the logic register i s  se t  i n  the same cycle t ine the resul ts  
are undefined. 



Destination Subfield - The Ikstination Subfield specifies directly the 
register t o  receive the instruction result. 
l i s ted below: 

These register designations are 

Present Logic Unit Alternate Logic Unit 

G1 - ~ 1 6  
LED 
ARD 
ElRD 
MMC 
PI0 
AI0 
SI0 
WIO 
Ill0 
A I C  

*m 

*PI0 
*AI0 
*SI0 
W O  
*LIO 

G1 - ~ 1 6  - Addresses the general s e t  of registers providing the bulk of 
f a s t  access storage for the Function& System, 
registers as described under the Source Subfield heading. 

These are the sane 

- LRD - Address resul ts  t o  be se t  into the logic register of the L1 
character, The content of the logic register i s  not predictable i f  the 
operator was "AD"" or the source was "INC". 

ARD - - Addresses the A register of the L2 character. 

- ERD - Addresses the B register of the L2 character. 

MMC - - The Micro-memory Counter destination provides for a transfer within 
micro-memory dependent upon the input data. 

- PI0 - The Prepare 1/0 addresses the A, register of the L3 character. 
external I/O action is  initiated. 

No 

A I 0  - - The Access 1/0 addresses the 
addition the 1/0 peripheral specified by b i t s  i n  the constant f i e ld  i s  
signaled to  in i t ia te  an access cycle using as an address the content of A. 

- SI0 - The Store 1/0 provides for storage of the %register a t  the 1/0 
addressed i n  the constant f ield,  
specifies the address within the referenced I/O, 

register of the L3 character. I n  

Data on the output bus enters A which 

WIO - The Write 1/0 destination provides for storage of information a t  the 

enters the Do register. 
address within the referenced I/O. 

specified i n  the constant f ie ld ,  Also the data on the output bus 
The content of the A, register specifies the 



L I O  - The Load 1/0 destination provides for storage of information into 
the Do register of the L3 card, 

A S  - Alter Instruction Code tallows the micro-instruction exactly one 
word time away t o  be altered by the present micro-instruction. The 
lower order b i t s  of the output data bus axe transferred t o  the micro- 
instruction register according t o  mask b i t s  i n  the constant f ield.  
f i rs t  b i t  of the group of three controls alteration of the source subfield, 
the second b i t  controls the operator subfield, and the third controls the 
destination subfield, The mask bits when set allow alteration of their  
respective subfields , 

No 1/0 action i s  initiated. 

The 

*ARD, *PIO, *XO, YSIO, *mO, and *LIO - Each of these destinations i s  
equivalent to i ts  corresponding destination without the asterisk except 
that the destination i s  i n  the-alternate logic unit  while the source of 
information and place of operation i s  within the logic unit associated 
w i t h  the specifying instruction. 

Transfer Field - The transfer f ie ld  allows for microyogram specifica- 
tion of both conditional and unconditionaL transfers within the microprogram. 
A t  a l l  times when a transfer i s  not effected (either conditional or uncondition- 
a l )  tk micro-memory counter is incremented by one. 

There are basically three testable functions. They are: (1) leas t  
significant b i t  - - true; (2) most significant b i t  - - true, and (3 )  a11 b i t s  - 
false (true = 1, false - 0). 

There exis t  twelve conditional transfer test combinations and one uncon- 
The mnemonics used are defined as L = l eas t  significant data ditional transfer, 

b i t  true; M = most significant data b i t  true; Z = a l l  data b i t s  false; I 
tested a t  input t o  logic unit; 0 = data tested a t  output of logic unit; and 
TRA = unconditional transfer. 

data 

The following defines each transfer i n  detail: 

- LZ - Tests the l ea s t  significant b i t  for the "one" state on the input 
t o  the logic unit. 

- LO - Tests the leas t  significant b i t  for the "one" state on the output 
from the logic unit, 

- LIO - T e s t s  the l ea s t  significant b i t  for the "one" state both on the 
input and output to/from the Logic Unit. 

M I  - - Tests the most significant b i t  f o r  the llone" state on the input 
t o  the Logic Unit. 

MO - - T e s t s  the most significant b i t  for the 
t o  the Logic Unit. 

I1 one" state on the output 
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e - Tests the most significant b i t  for  the  "one" state both on the 
input and output to/from the .Logic Unit. 

I LIMI - Tests the least significant b i t  and the most significant b i t  for 
the "one" state on the input t o  the Logic Unit. 

- LIMO - Tests the least significant b i t  for the "one" state on the input 
t o  the Logic U n i t  and the most significant b i t  on the output fromthe 
Logic Unit. 

MILO - Tests the most significant b i t  on the input t o  the Logic Unit and 
the leas t  significant b i t  on the output from the Logic Unit. 

- ZO - Tests a l l  b i t s  on the output for  zero from the Logic Unit. 

- ZOLI - Tests a l l  b i t s  on the output from the Logic Unit for  zero and the 
leas t  significant b i t  on the input for the "one" state. 

- ZOMI - Tests all b i t s  on the output from the Logic Unit for zero and the 
most significant b i t  on the input bus for  the "one" state. 

- TRA - Ten b i t s  of the micro-memory word are transferred t o  MMC causing 
a microprogram jump. 



PREIXMINARY IMPLEMENTA!L'IOEI OF TBE MCB COMPUTER 

The purpose of this section is t o  enulate the existing design of the 

This presentatiun is the  result  of a preliminary analysis 
referenced NASA BCB Computer as a test of the  generality of the  functional 
character set. 
of the WB (Ref, 1 & 2) and a "first pass" at a design using functional 
characters. (See Figure l.4 ) 

General Design Considerations 

All aspects of the computer hwe not been considered. Des ign  remains t o  
be done on the  par i ty  generating and checking circuits,  input-output and internal 
discretes, internal error,detection aad corresponding communication t o  the Con- 
figuration Assigment U n i t  (CAU). 
incomplete although the loading of the Uca l  Data Memozy is designed. It is 
estimated. that the  incompleted portion represents less than lO$ of the t o t a l  
computer. 

Work on the data block transfers remains 

Following is Hughes interpretation of the MCB, representing the major 
portion of the computer. 
Any known omissions or  deviations from the original W B  design have been noted. 

A preliminary design of the following has been completed. 

Control U n i t  CU - - The CU controls the operation of t he  E B  sub-computer 
and the accessing of main-program instructions. 
in the CU and a l l  effective m e s s  calculations and accessing of data are 
performed. 
U n i t  (AU), the CU transfers the operation field of e instruction and the 
operands t o  the AU, 
stores, program branches, or input-output ffincticms, it is perf"ormed internally 
t o  the CU. 
an answer) in the location specified 'by t he  instruction. 

Each instruction is decoded 

If the  instruction is one t h a t  is t o  be performed in the  Arithmetic 

If the instruction is one involving main memory loads o r  

The CU stores the answer ( i f  the instruction is  one t h a t  produces 

The CU is  provided wi th  a local data memory (UIM) capable of holding 64 
This memory is 

Access t o  t h i s  unit  
U s e  of the  D M  makes it 

words of data and the contents of the three index registers. 
loaded in blocks from the  MU and data is transferred back t o  main memory in 
blocks, both by means of a special program instruction. 
by the CU is ccnsiderably faeter  than t o  main memory, 
possible t o  avoid accessing main memory each time an instruction is executed. 

The CU also has a local program memory ( I P M )  similar in construction t o  
t h e  IDM but containing bstruct ions rather than data. 
the CUtracks i ts  progress by storing in fast-access registers the address of 
the present instruction in both the  I P M  and the m a i n  memory. The instruction 
itself is accessed fromthe LPM. The IPM acts as a buffer between main program 
memory and t h e  CU and must be loaded in a fashion that  w i l l  increase the 
execution rates by negating the main program memom access t i m e ,  
loading of the I P M  has not been considered in  t h i s  design. 
the I P M  is loaded by a block transfer similar t o  the LDM 

In normal operation, 

Efficient 
On t he  flow chart, 
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Figure 14. MCB-Modular Computer Breadboard Block Diagram 
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(kreliminary study indicates that the micro-programmd Aract;lonal-logic 
appro&ch may elimhate the requk@wsnt for  a local program memory (W) without 
sacrificing the .beaefits..), Any a c t i o n  initiates or  changes 
the seqluence of the LPM lodin&. 

The control unit maintains cantact with eac four units 'of 
the  sub-computer as follows. (See Table I1 f o r  

(a) Arithmetic #it AU 

The CU sends some of the  operation codes snd associated operands 
t o  the  AU. 
from the AU. 

It responds t o  AU interrupts and cepts the resultants 

(b) InpUt-oUtpUt U n i t  1/0 

The CU seaAs %he I/O units commands and thxtng signals enabling the I / O  
unit  t o  establish a data path between t h e  MU and any input or  output 
device. Data flow is i n  blocks; no data passes through the CU. During 
the  init ial  design pass of the W B  it was desired t o  keep microprogrerma 
as sixaple as possible. 
scheme i n  which the  CUtracks the main memory address and word count, 
and initializes both the memory unit and the 1/0 unit for  each word of 
the block. It is  fe l t  tha t  a l l  of the  above are more properly functions 
of the I / O  unit. One of the  first modifications of the  initial design 
will be t o  alter the 1/0 block transfer so that  the CU need only in i t i a l -  
ize the 1/0 unit with the  device nunibar, starting address, and word count. 
The 1/0 will be programmed t o  access the  Mu rsnd perform the entire block 
transfer inaependentlly of the CU. 
be established. 

This led t o  an input-output block transfer 

A proper ly access priority will 

(c) Memory unit  Mu 
The CU can read o r  write into main nu??mry one word at a tine or i n  blocks. 
The CU in i t ia l izes  the Mu with a c 
priate delay, accepts or sends the data t o  the MU. 
the MU t o  send o r  receive data f r o m  t h e  1/0 unit. 

and addrceters, and after an appro- 
The CU also commands 

(d) Configuration Assignment Unit CAU 

The communication between the  CU and the CAU differs somewhat from the  
original(K3) design. 
those registers and counters assigned t o  it but physically contained 
in the CAU (mask registers, diagnostic clocks, cross communication 
registers, etc,)  without disturbing the  flow of operations of the CAU. 
The CU remains attentive t o  CAU interrupts and responds t o  commands 
f r o m  the CAU t o  initiate diagnostics. 
figuration t o  t h e  CAU by means of' a CAU interrupt. 

The CU is capable of writing into o r  reading 

The CU lncsy transmit a new con- 
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Arithmetic U n i t  AU - - The arithmetic unit receives the current instruc- 
t ion operation f'ield and the actual operands f'ram the control unit. It decodes 
the operator field, performs the operation accordingly, and transfers the re- 
sultant back t o  the control u n i t e  
floating point operations, shifts, multiplies, and divides. 
abi l i ty  t o  perform fixed-point add and subtract and all  logical operations. 
The AU also has the capability t o  detect overflow 
operations. 

The AU has the responsibility to perform a l l  
It has the cap- 

om shifts and arithmetic 

Memory Unit MU - - Each memory unit  contains one man memory module 
capable of storing 4,096 words. The address and data registers associated 
with the memory m;d&are planned t o  be read-write registers addressable by 
the MU microprogram similar t o  the G registers. 
registers follows the usual data paths of the characters. 

The data t o  and from these 

The memory unit  interfaces with the control unit  and input/output unit, 
It i s  capable of transmitting data t o  and from either unit, acting on commands 
frcm the CU, The address must be provided by the CU or I /O,  For Input-output 
transfers, data flows directly between the MU and 1/0 units. 

Input-Output U n i t  1/0 - - The input-output un i t  i s  currently planned with 
4 input and 2 output channels with expansion possible. 
path between any of i t s  external devices and the memory unit  (for data flow 
i n  either direction) upon receipt of the proper commands -om the control uni t .  
The i n i t i a l  design has the I/O-MU transfer as one word per CU interrupt, with 
word count and main memory address tracking 

It provides a data 

the responsibility of the CU, 

The 1/0 unit currently interfaces with the external devices through an 
8-bit data interface, 
ne ce s saxy . This can easily be expanded t o  the full 32-bits i f  

Configuration Assigrment Unit CAU - - The C A W  continually monitors the 
idle-time counter and the diagnostic-time counter. If either i s  permitted by 
the CU to go t o  zero, the CAU immediately takes over the reconfiguration duties. 
A f t e r  configuration, the CAU notifies the appropriate CU by means of an 
interrupt that  it is  t o  perform a self-check d i w O s t i C e  If t h i s  fails, the 
CAU t r i e s  another configuration. (The i n i t i a l  design of the CAU does not go 
into great detail w i t h  respect t o  diagnostic initiation.) The CAU also has 
the duty of comparing mask and status registers. 
i s  detected, it notifies the appropriate CU t o  start a diagnostic which m a y  
eventually arrive a t  a new configuration. The CAU accepts t h i s  new configura- 
t ion from the CU and implements it. 
new subcomputer, I f  th i s  test fa i l s ,  the CAU takes over the ccmplete 
reconfiguration responsibilities. 

If a corresponding "one" 

Then it in i t i a t e s  the self-check i n  the 

The part of the CU i n  the process i s  as follows. Upon receipt of the 
command t o  in i t i a t e  a diagnostic, it stores the address of the present instruc- 
tion, branches t o  the main memory location of the first statement of the diag- 
nostic, and resets the idle-time counter and diagnostic-time counter. 
diagnostic i s  successful it stops the diagnostic-time counter. 

If the 
If any error 



occurs it drops into an idle mode irmpeaiately, le t t ing  the diagnostic counter 
go t o  zero which dLlawer the  CAUto take over. 
diagnostic the  CU e i ther  notifies the  CAU or  resumes operation if  the diagnostic 
was self-initiated rather than CAU-init iated. .  

A t  the  end of a successful 

!!!he CAU contains 16 registers. Various other units read or  write 
direct ly  into these registers. 
character makes it possible fo r  any unit  t o  write or  read its assigDed regis- 
ters without call ing attention of the CAU. 
CU-CAU interface is  not restricted t o  8 bits. 
which are similar t o  the registers in the i r  accessing and adaress characteristics. 
The CAU has physical control over the byte interface switches. 
are designed t o  be addressable and t o  accept coded state information and act 
accordingly. 

(See Figure 2&) The versa t i l i ty  of the G 1  

This is possible because the 
The CAU a180 contains 4 counters 

!f!hese switches 

The CAU is capable of set t ing the status regis ter  according t o  information 
received from discrete8 from sny uni t  or 'by CU-%n!xmk~pt. 

Control Unit Design 

This topic contains the control unit block diagram, Wicropropim flow - -  
chart 
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2 DATAFROMAU 

3 DATA FROM CAU 

7 
CONTROL DATA 
TO A U  TO AU 
CAU, AND I/O OR CAU 
(2.2 & 4 BITS 
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Figure 15. MCB Control Unit - CU - Block Diagram 



t 

28 



i: a 
a 
I 
0 
3 s u. 
z 

2 
3 
0 
W 
I 
I- 
z 

- 
a 

& 
6 
a 
z 

r z 
2 

3 
Li m 

b 
a 

5 
p 

z 
W 
W 

0 

I- 
V 
W 

- 
W 
I- 
O z 

1 

0 
Q 
E 
4 
X 

. W  

I 
-r m 
S 
0 

3 
0 
LL 
- 

E 
ii 
J rn 

29 



A r i t h e t i c  U n i t  Design 

This topic contains the arithmetic unit block diagram, and microprogram 
flow chart. (See Figures-la md 19) 
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INPUT CHANNELS 

1 CONTROL FROM CU 

2 D A T A F R O M C U  

CONTROL DATA TO 
OUTPUT CU 

Figure 18. MCBi Arithmetic Unit - AU Block Diagram 





Memory Unit De sign 

This topic contains the memory unit  block diagram, and microprogram flow 
chart. The MU has the smallest microprogram which i s  relatively t r iv ia l .  The 
examples show the two subroutines which tranamit data t o  the 1/0 or CU. This 
also illustrates a special application of the L3 character i n  which no device 
number needs t o  be given. (See Figures 20 and 21) 
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Figure 20. MCB Memory Unit - MU - Block Diagram 
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INSTRUCTION 
PRESENT 

ACCEPT D A T A  SEND D A T A  ACCEPT D A T A  SEND DATA 
WORD FROM I/O WORD T O  CU WORD FROM CU WORD T O  1/0 

Figure 21. Memory Unit Microprogram Flow Chart 
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Input-Output Unit Design 

This topic contains the input-output unit  block diagram, and microprogrm 
flow chart (See Figures 22 and 23) 
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Figure 22. MCB Input-Output Unit - 1/0 Block Diagram 
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Configuration As sigment Unit De sign 

This topic contains the configuration assignment unit  block diagram, and 
The example i s  of the statements m a k i n g  up the 

The CAU has been i n i t i d l y  desimed t o  operate with 
microprogram flow chart. 
central f l o w  of’the CAU. 
a relatively simple microprogram. (See Figures 24 and 25) . 
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Figure 24. MCB Configuration Assignment Unit - CAU -!Block Diagram 
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Figure 25. Configuration Assignment Unit Microprogram Flow Chart 



MCB EXECXPEION RATES 

This section contains a l i s t  of those operations for which execution times 
have been determined (Table Floating point equalization and normalization 
times are included. It is stressed that  these are times resulting from the 
first-pass design i n  which no strenuous e f for t  was taken t o  minimize them. 

Because of the generality of the Hughes character set, the control unit 
has the  capability t o  perform certain of the more simple arithmetic operations. 
Permitting the CU t o  perform them (rather than the AU as i n  the existing MCB 
design) relieves the burden on both uni ts .  
spends more time communicating w i t h  the AU than i n  doing those operations it- 
self. 
program; no change i n  the hardware i s  required. I f  t h i s  modification were 
implemented, the pertinent revised execution times would be as shown i n  Table 

The CU i n  the existing design 

To implement this modif'ication means simply t o  alter the CU micro- 



TABLB III 
M=B ExBcU!f'IOI'? !l!IMES 

ALL S H I F P S  

ADD DIRBCT (FIXED POIXP) 

ADD 
SUBTRACT 
MUI;TIPIX, MOST SIG. EAIJ? (FIXED POIEFT) 

WEPIPIX, LEASP SIG. IEAUF (FIXED PO33JT) 

I1o%IUSNE OR 

EXCIUSIVE OR 
LOGICAL AND 
FIDATIMG PoII" ADD 

FILIATIlTG POINT SUFYTRACT 

FIDATING Porn  MU~IPIX 

STORE DIREX=T 

ILIAD DIRECT 
BUXH TRANSFER SEmTp 

N 

R 

PW WORD 
INPUT OUTPUT (As 0RIGINAI;C;Y DONE) SETUP 

P W  WORD 

BRANCH DIRECT 

CONDITIONAL BRAETCH 

DEREMENT AND BRANCH 

BRANCH AND LtNK 

Prelinl. 

12.2us 

9.9 
11.6 
11.6 
20.1 
20.3 
11.5 
11.5 
11.5 
15.1 
15.1 
23.6 
6.2 + w 
6.6 + w 
1.9 
4.4 + w 
1 4  9 
4.1 + w 
6.6 + w 
7.2 + w 
7.6 + w 
9.1 + w 

E B  
&%stbe 
14.5~~ 
ll. 0 
11.0 
11.0 
29.0 
29.0 

9.5 
10.0 

9.5 
10.5 +A 
10.5 +A 
26.5 + A  

5.5 + w 
5.5  + w 
1.5 
5.0 + w 
4.5 
7.0 + w 
2.0 + w 
4.0 + w 
3.0 + w 
5.0 + w 

A 
W -memorywaittlme 

- equalization + normalization time 
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FIXED POINT DIRBCT ADD 

FMH) POIWJ! ADD 

FIXED P o r n  i3uEmEP 
IlLu%IIJSIVE OR 

EXCWSIVE OR 

ZCXZICAL A;IBD 

Modified.* 
IFughes 
Prelim. 

6.0 ps 
7.6 
7.7 
6.0 
7.3 
6.9 

M B  
EEieting 
11.0 ps 
11.0 
11.0 

9.5 
10.0 

9.5 

* Modification allows CU t o  perform $elected operations 
instead of AU. 



In evaluating the prefiraianrv ippplementation of the modular cagputer 
breadboasd (WB) using functional charactem, the follovingl factors mwt be 
considered t 

Fearsibilfty of logic design technique 
o Adequacy of ftanctional characters 
o Adeausoyof rogrrup instruction repertoire 
o Ease  ticabi ability of lnicroprograuunlng 

a complete d ig i t a l  system 
lVumber of Functional c!haracters and btal quantity 

Speed of operation 

Power, size snd weight 

Reliability 

cost 

Other (See Section on "Weiated Design Considerations ". ) 
A t  t h i s  point in the  study, no meaningful conclusions can be reached on 

some of these factors. on the particular 
hasdware se&ctd fBr the impplemmtation of the C l e a r l y ,  hplementa- 
t ion of the E B  caarplktr With the AurotionaJ. characters will give significant 
advantages in most areas when IS1 technjtguee arc¶ utilized, !he minimization 
techniques of the discrete c i rcu i t  era are not applicable t o  IS1 circuits.  
During the t rami t ion  period from discrete8 t o  LSI (at  t h i s  t t h e  IS1 
values and tastes have nut yet been developed and therefore c inn exists 
in the technicalconmnlnity regarding these values, 

realized 88 fast as wa8 expected. 
watchword when evaluatlzq IS1 circui ts  va 

They are is fa&, head  

Also at present the 
potential benefits of IS1 cost end re l iab i l i ty  R t S  are not be- 

C a r e  and p;pr$ t therefore be t he  
laantatbans. 

Considerations 

Feas%bility of Logic-Design Technique - - !he adequacy of the functional 
characters and microprofmaa instructions quickly became evident when ipqphment- a the E B *  
the logic designer knawlrsdgeable in the available functional characters eind 
micro-instruction repertoire, readily coded the necessary microprograms f o r  
a l l  units. 
fbctions of the MCB units could be completely defined using the f'unctional 

Haxtng-defined the tmits o f t h e  k B  based on available information, 

As the design proceeded, it becam readily apparent that  all system 
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characters and proper microprograms. 
microprogram repertoire seems required for eff ic ient  design and only minor 
changes t o  one functional character is planned a t  this time. 

No apparent modification of the defined 

A significant developnent during t h i s  study was the  discovery that a 
reduction i n  the type of units (AU, Mu, CU, CAU, and 1/0 - see preceding 
section) of the MCB becomes practical using the functional character - micro- 
programming technique. 
functions reserved for  the AU i n  the MCB design are readily handled by the CU 
resulting i n  significant hardware reduction as w e l l  as eliminating some inter- 
unit communication problems. This development should be more fully explored, 
but clearly i s  beyond the scape of this effort ,  

Due t o  the f lex ib i l i ty  of the technique, many of the 

Types of Functional Characters and Total Quantity - - Ten basic types of 
This i s  functional characters are uti l ized i n  implementing the MCB computer. 

i n  conkrast with the 
(See Section on "Description of Building Blocks"), The MM character actually 
has eight variations resulting i n  a t o t a l  of 17 conf'igurations i n  an imple- 
mented MCB, However potential exis ts  for the fabrication of one MM character 
and program encode the control information by electronic means. A s  described 
i n  the previous paragraphs, no serious modifications appear warranted and, i n  
fact, the versat i l i ty  of the characters can result i n  a reduction of computer 
units. It appears tha t  given the system requirements of the MCB computer, one 
could arrive a t  an original implementation for  the computer with significantly 
less  t o t a l  hardware count. The preliminary functional character implementation 
of the MCB resulted i n  using 223 characters VS. 554 cards i n  the present MCB. 

types of cards i n  the present MCB implementation, 

Speed of Operation - - The speed of instruction execution of the MCB 
computer, as implemented with functional characters, compares favorably overall 
with the original specifications. As 
explained hereinbefore, the execution times can be improved with a system re- 
design t o  more efficiently u t i l i ze  the character implementation. During the 
second half of the study some time w i l l  be devoted t o  refining the micro- 
programs. 
instruction operating times. 

(See Section on MCB Execution Rates). 

A reduction i n  number of microprogram steps w i l l  descrease computer 

The preliminary instruction operating times were determined assuming a 
20 M?& clock rate  for logic and a 10 MHz rate for  micromemories. 
rate i s  feasible under worst case analysis. 

This clock 

Power, Size and Weight - - These parmeters of the character-implemented 

The section of t h i s  report on "Weighted Design Considerations" gives 
MCB computer cannot be determined un t i l  a selection of c i rcui t  type has been 
made. 
emphasis t o  factors affecting the selection of circuits. 

Reliability - - The reader i s  referred t o  the Section on "Weighted Design 
Considerations" for a general discussion on re l iab i l i ty  for aerospace computers. 
No attempt t o  determine re l iab i l i ty  of the character-implemented MCB can.be made 
unt i l  a circuit-type i s  selected. 



Conclusions 

The Befined Aulctional character set  and ndcroprogram instmctim repertoire 
are adequate t o  perform the logic design of the  W B  computer. A masonable 
nuniber of characters are required t o  implement the MCB computer. The W B  
operation compares favorably with a version inlplentexkted with "conventional" 
logic. 
computer organization of' the same system design can 'Iba achieved and therefore 
can resul t  in a faster machine with less hardware. 
modification of micropl~grams caa produce reduction in microprograms steps 
and contribute t o  improved operating speeds. 

The versa t i l i ty  of the Amctional characters suggests.mnre eff ic ient  

Further, analysis and 



SPBCIAL-PURPOSE COMpIfpERS 

Special purpose computers treated in t h i s  section are IDA'S and serial-to- 
paral le l  converters. 

D i g i t a l  Differential Analyzers (DDA) 

The solution t o  DDA lO@c partitioning is a straightforward extension 
of the techniques and equipment of the general-purpose computer pasti t ionhg. 
The best method depends heavily on the extent t o  which these functions occur 
in the overall system. As t h i s  is not yet specified, severa2 possible solu- 
tions are discussed. 

1. If DDA's are uncommon and the frequency of inputs t o  them low 
enough, the modular guidance and control (G/C) computer may be 
fast enough t o  j u s t i m  incorporation of DDA functions into i ts  
regular program. 
of the W E  have been pruvided and the 1/0 unit itself designed 
t o  collect  these slow inputs at whatever rate is desired.. 
inputs are available t o  t h e  1/0 unit if necessary. 
priority interrupts t o  the G/C computer may cause loss of data 
if  DDA Aulctions are ignored for  too long a time. 

To t h i s  end, two extra inputs t o  t h e  I/O unit  

More 
However, 

2.  It is possible t o  iniplement a small, special-purpose computer 
t o  perform DDA fhmtions. 
MM, MI., e, Ll, I2, I3, and G l  are used and no new characters are 
introduced, The justif ication for  introducing an entire computer 
system t o  perform DDA functions is as follows. 
system is t ru ly  mmhlar, it becomes possible t o  build a computer 
as large o r  as small as desired.. 
t o  match the lesser reqyirements of the  DDA units and s t i l l  be 
economical with respect t o  cost, size, weight, and pater. 

The general-purpose computer characters 

If the computer 

Therefore a system can be built  

The main ccnsLderation is the nuadber of DDA's necessazy t o  j u s t i m  
the use of a micromemory character group. 
t ion indicates tha t  it may be practical  t o  implement a d n g l e  
DDA consisting of approximately 6 integrators (Figure 26) 
using one micromemory group. 
of accepting data from an A-D converter, perform a l l  DDA 
f'unctions, and input data t o  the 1/0 unit  of the MCB. 
32-bit data registers is implemented Kith 28 characters, 
Approximately 32 program statements per integrator are used, 
leaving 60 statements free for  intercommunication. 
is serviced i n  2.8 usec, making i t e ra t ions  o f t h e  DDA possible .at 
speeds up t o  16.8 usec/iteration. 
flow chart for  one integrator, Figure 28). 

A preliminary calcula- 

The resulting unit  would be capable 

A DDA with 
(Figure 27) 

Each integrator 

(Included i s  a sample program 
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Since the micro8mnory is n& alterable, the best solution for 
reconfiguration of the  DDA is t o  store a different program In 
micromemory fo r  each configuration, accessible by the msin compu- 
ter t h r o u a  an Snterntpt to the DDA computer. (An alternate 
solution is  t o  make the  -input and output of each infegration 
available for  external conf'iguratlon, butthAs requlres an excess- 
ive number of hput-output cads . )  The main G/C computer also has 
the requiremsnts of in i t ia l iz ing  and sca l ing the  DDA's. 

If it is desired t o  implement only the  integrator units, it is 
possible t o  do this wing one extra character not yet designed 
and the general purpose computer characters, 
characters 856 necessary. 
tgpe are CormPsrciaUy availsble wing less,,hasdware than is possible 
by adapt- the existing characters. 
current methods of intercomecting integrators t o  form a DDA. 

3. 

None of the  memory 
However, integrator units of t h i s  

This approach must u t i l i ze  

Serial-Paralle 1 Conversion 

Serial-Parallel and parallel-serial conversion may be treated, in the stun? 
Like the  DDA, t h i s  requires no special equipment o r  capabilities fashion. 

beyond that  available w l t h  t h e  general-purpose coBnputer characters. 

If t h e  number of conversions is small and performed infrequently, the 
capability may be programmed in the main computer. 
common, a special-purpose computer similar to the DDA computer mey be con- 
structed t o  handle them. 

If these conversions are 

Using t h i s  method, t h e  bit-rate is somewhat ted by the  speed of the  
IiliCrornemO3?y. 



SPACEBOrn COMPUTW C&BRAcm1sacs 

To minimize effart, two previous s m s  have Wen taken as the  basis 
for  t h i s  compilation of spaceborne conputer characteristics. 
of the Art of Aerospace a Computers, 1962- ", by D. 0, Baechler (Ref. 3). 
The second is "Trends rs" by R. &. Hooper snd L. D. h h h l  
(Ref. 4). Pre-1965 computers were e ted fromthe first compilation. The 
first 25 entries in Table V I  tam the remainder. rough 35 ese compu* 
ers framthe second aompilatiaa which were not inc he first. Fntries 

described in  the July 1968 issue of Computer Design. It is intended that this 
portion of the  study sha l l  remain a working rep 
Therefom, revisions will be W e  from t i m e  t o  

The first is "State 

37 through 39 were suggested Dr. E. E. Maurer o Ehtq 36 is 

@out the present study. 

In general, the observations of Baechlsr about mamclry capacity, memory cycle 
t*e, instruction format, won3 le-h, arithmetic type, addressing methods, in- 
struction repertoire and instruction executim times remain true. Since the t i m e  
of that  survey, it has become increasingly clear  that  in aXl of these categories 
the  aerospwe computer is approaching the  ground-bssed computer i n  capability. 
A very significant trend embodied in the IBM 4 P i  f d l y  is the use of a subset 
of instructions from a g;round-based computer fo r  the aerospace version. 
fore, progrSnnning has repnsented a large fraction of t h e  developmental cost of 
an aerospace computer. 
the progremrdng effort .  
In addition, a ground-based proigrarmner can easily be converted t o  an aerospace- 
computer programmer. 
conrpilers which are designed for  the ground-based c 

Hereto- 

The commonality of instruction sets promises t o  reduce 
Simulators for  program checkout will no longer be required. 

Other 'benefits a;re the potential  use of 

A significant trend in aerospace computer cheseLcteristics is reliability 
improvement thrau&h the use of hardware. 
generally use bipolar integrated circuits.  
organization is the first of three computers direc 
improvement. 
eppbodies several redundant techniques. 
coding of data. 
and residue encoding[ of memory addresses. 
switching and massive redundancy are used. 

The computers listed in Table VI 

A second computer, the JPLSTAR, is Q rasearch vehicle Which 

 he ~ B M  Saturn D/V LVDC w i t h  a TMR iu toward reUabiliw 

Thcr laost uausutll of these is product en- 
Other encoding schemes gmployed 8m n-out;-of-m fo r  control words 

In addition t o  the encoding redundancy, 

The United Aircraft MCB is a t h M  c m p t e r  using redundancy. It uses 
switching redundancy and has 88 a goal t h e  me of a ruinimam number of types of 
100-gate integrated c i rcu i t  modules. While less ambitious x i t h  respect to the 
application of a nube r  of reliability techniqws than the STAR cornpuler, the 
application of' new logic-design techniques t o  achieve t h e  minimum number of 
integrated c i rcu i t  types is quite important t o  the near-future production systems. 

Appendices A and B cantsin the instruction lists f o r  the  IBM 4 Pi-Ep and 
Honeywell AIWT computers. They are considered t o  be state-of-the-art exauples. 

53 



I I ~~ 

c J 

X 

W n 
Y 

z 

> 
O 

N 

a 

c1 

0 

I- 

0 Y) 

0 Y) 
0 c 
N 

W 

I 
i 

t 
- 
z 
P 
b 
n 

B 
3 c 

0 0 

N 

- 
0 

* 

- 
(D 

2 

0 0 

x 0 m * * ----+-- 
0 
0 * 

- 

N 
* 

- 

0 c 

O 

N 

‘D : 
c 
~ 

* m 

- 
N N 

m N m 

- 

o 
L! 
J 

t 
I -I- o 

J 
t 

o 
J 

0 
o 

N N m P u) 

* 
- 

N 

f f i 
- 
I 

- 
W 

e 
0 
n 

N 0 t N .., f N -/I 
h 

0 

O N * 

q c 

W : 
0 e ‘I 

I 

Y Y 

h I 
N U 

Y U. 

n 

0 
= u  

a 0 

m I! 

2 I- 

N 

0 Lo 

* 

P W z 

3 a 
N “7 * I 



d 
a 

0 
z 

- 
U 

U 

W 

3 
m 

g 
YI 

I 

- 
0 

" m N 

(D 

N 

__ 
0 

3 

2 2 0, .. v) m "l 

- 

0 

'0 

- 
0 

J I- 

0 

0 
J I' 

0 

0- 0- 0 

v) " v) 

* v) " * 
- 

x 0 
N 

'4 
* 

Y m Y N  
mv)  3 3 %  I L 

N * 
N 

N m m  m m  

~ C O  00 

v) " 

Y C 

8 
P 
- 

Y U 

8 
B 
- 

W C 

8 
0 
0 - 

W W  uu 
$8 
00 
00 - 

( e  

Y - 
o 

Y 3 d A l  W 1 W O  

M O l J  W l W O  o L o o 

> 
DI 4 

m 
t 
U 

2 
* N 

! 
! 

! 
I 

, 
a 

0 
a 

(D 

U 

v) - 

0 " 
3 

0 
+ 
W I- 

O 

z 

I 
z 

$ 
U 

U 

(D - I l d  

55 



- 

- 
0 VI " 

- 
0 

0 - 0 

0 

- 
x 

t N 

- 

VI 

2 

5 Y 

L 
- 

Y 
f 5 L 

N m 

0 
N 9 %  2 
N N 
Y) " 
0 m N 

N u1 

N 

VI 2 

B 
Y U 

U a 
2 W 

0 

m 

0 
+ 
4 c 

01 VI 

6 U 
J ? w + a 

01 f 

" 
i 
P 
z 

+ 
U L 

N 0 - 

m N z 
? 
f 
z 

" 
"7 - 

N 

E 
g 
d 
N - 

; 
P W 

0 - 

VI 

Y) U 

W W 

N - 

56 



WEXGEED DESIGN CoWSIDHlAlcIONS FOR AFZOSPACE COMPUTERS 

Three design c r i t e r i a  seem t o  deererne heaviest weighting because of 
t h e i r  inseparable interrelationship in the  design process. 
re l iabi l i ty ,  producibility, and nuniber of Is1 types. 
are LSI package size, nuniber of terminals per IS1 %ype, t es tab i l i ty  and 
operational environa@nt . Ccnsiderations which the  scope 
of present effort are special. circuit design, 
detailed packaging lasthod. 

They are 
O f  secondaqy bgortance 

and the  

Reliability 

The simultaneous reqpirelaents for high r e l i ab i l i t y  for short missions 
as well as long mean-life are d i f f i cu l t  t o  satisfy with the saae system. 
best methods for  reallzing high r e l i ab i l i t y  f o r ' a  short mission use Massive 
schemes such 88 t r i p l e  mduler redundancy (TMR). 
IBM Saturn IB/V launch vehicle d i g i t a l  computer (LVDC) and launch vehicle 
data adapter (LVDA) where the reqwirenmnt is fo r  r e l i ab i l i t y  of 0.9% for  
250 hours (Ref. 5 ). Massive redundency impliea tha t  the  redundant components 
operate continuously t o  mask faul ts  so that  a c r i t i c a l  function cannot be los t  
durbg a crucial  part  of the mission. 
Massively redundant system is  t h a t  the repkicated parts consume power up t o  
a t  least  three times that  of a simplex system. 

The 

This scheme is used in the 

A disadvantage of the  t r ipl icated 

On t h e  other hand, a swltehed redundant system such as the JPLSTAEl 
computer has a potential  for  long mean-life by carrying along spares which 
are switched into the  system upon detection of a 
hances system mean-life for the  replacement type system is that  semiconductor 
power-off fa i lure  rates are s ignf fkant ly  lower than f o r  power-on. 

lure. A fact which en- 

The Nw-mfemnC€d lnodular computer breadbosrd (KB) represents an 
attempt t o  embody both principles and thus gain the advantages of each. 
is intended that  the  arithmetic processors be capable of t r ipl icated operation 
fo r  boost phases and capable of reconfiguration for  mission phases during which 
high r e l i ab i l i t y  is not required. 
be classed as a replacement type self-repairing system is the  reduction in 
power afforded by switching off unused portions of the system. 
ultimately reflected in weight minimization for  the on-board power source. 

It 

A chief advantage of t h i s  aystem which may 

This is 

An important parameter of the stand-by replacement system is the rela- 
t ive  fai lure  rates fo r  stand-by and operating parts, 
effects of t he  stand-by fai lure  rate, a r e l i ab i l i t y  model has been adapted 
from Kletskry (Ref. 6 ). 

In order t o  examine the 

Kletsky's s y s t e m  i s  made up of N identical  les, L of which mwt be 
operating. 
of p0wer-of"f t o  P m r - a  failure rate is o( , 'then the system mean-life is 

If the operating failure rate of a module is +, and the ra t io  
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9s modiming the We1  t o  more closely resedble the  system at hand, t he  
effects of stand-by failure rate on system mean-life cam be exambed. 
model modification is irrdicated in Table M. 'The system is broken into 
separate but identical  blocks, some of which are i n  stand-by. 
the first row of the table, the mean-life of a system with one stand-by 
element varies between 1.5 tbes a& l.9ltimes the mean-life of the  un- 
replicated system as the failure rate r a t io  for power-off t o  power-on de- 
creases. 
strongly dependent on the r a t io  e. 
for  aerospace computers is mmLlable fmmtvo  sources. 

The 

As shown i n  

It is clear that  the optimum partitioning of the system is 
Information about stand-by failure rates 

A 1965 report by Nerber (Ref. 7 ) of IBM indicates tha t  there is a 
significant ra t io  of pawer-off t o  parer-on failure rate. 
field fa%lurrs data f o r  over 100 &dame- computers. 
t ransis tor  rather than integrate$-chui t  computers. 

Nerber ana3yzed 
These were undoubtedly 

Unfortunately, it is not possible t o  compute q d i r e c t l y  from the  data 
given by Merber. He gives only the  ra t ios  of the duty cycles he observed and 
the ra t io  of conventional MTBF"s. W e  really need. the explicit  duty cycles 
rather than t h e i r  ratios.  
actual duty cycles; "The observed duty cycles are in the lower th i rd  of the  
t o t a l  range. " Using t h i s  clue, we can compute a value fo r  the  r a t io  of 
power-off t o  p-r-oa failure rate ratio,  o( b 

On the other hand, he does give a clue t o  the 

E ~ ~ a m h i n g  h i s  data, we find that  for syst of equal "vintage", the 
conventional HDF fo r  a second grmp of computers w88 2.7 times tha t  of a 
first group while the duty cycle r a t io  of group 2 t o  group 1 was 4.0. If a 
maximum duty cycle of 3346 is assumed for  group 2, the --value of oc 
which he must have found is cmputed t o  be 0,33 

A more recent analysis of Minuteman I1 computer failures by Watson (Ref. 
shows that  the expected value of pWer-Off t o  -2-m fa i lure  rate ra t io  f o r  
inte ated circuits is 0.55. 

gathered. A t  any rate, present evidence from both sources indicates t h a t  the  
proper ra t io  for conservative integrated-circuit computer design lies between 

A 10FF bound for  this r a t io  appears t o  be 
0.11 $: Extrapolation indicates that the  r a t io  will decreasg 88 more data is  

0.1 and 0.5. 

What appears t o  be needed f o r  the  design of computers with both high 
The following is  offered. 
Steps a and g require a 

reliability and long mean-life is a methodology. 
The method is separated into steps a through g. 
good deal of intuit ion while the other steps axe straightforward. 

a )  Parti t ion system into "natural" subsystems 
b) Compute reliability required for each subsystem. 



Mz2.56 
h 

LIFE COMPARISON 

a =  0.5 

M=1.80 
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=3.74 
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h = FAILURE RATE OF OPERATING PORTION O F  SYSTEM 

a = RATIO O F  POWER-OFF T O  POWER-ON FAILURE RATE 

M = SYSTEM MEAN-LIFE 
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c )  Decide which, (If any) subsystems require redurxlancy to achieve this 
reliability. 

d)  DecULs whether subeystsaa r e l i ab i l i t y  should be aehieved by switching or  

e )  pspls-=w. 
f) Comptzte-meeul-life, 
g )  Iterate design as reqyired.. 

Massive redtmdancy. 

A simple example of the application of the system design msthodology 
is e v e n  below. 
might  fo r  instance bs a processor w i t h  failure rate = O,OOO25 failures 
per hour aud a c a t r o l  unit with failure rate A2 = 0.00004 failures per 
hour. 
A and B respectively. 

The system is composed of two "natural" subsystem which 

For the 8- of this i l lwrtratian,  the two will be called subsystems 
Assume tha t  the foLlowiag requlrenwnts exist: 

1) 
2) 

*stem Reliability = 0.98 for a 250 hour mission 
System Mean-IAfe - 10,OOO hours. 

F i r s t ,  the required r e l i ab i l i t y  f o r  each of the subsystems is computed 
by 

n 
R - qsystem reliability 

For two subsystems 

RA = % =  7.98: 0.9 

Subsystem B has reliability 

e - X z t  

which is sufficient without redundancy, 
dancy t o  achieve 

Subsystem A requires redun- 

If Massive redundpylcy is used, a two-out-of-three system is characterized 
by 



The mean-life of the system I s  then computed by 

3,040 hours 

The mean-life falls short of the required 10,OOO hams. 
the  problem lies w i t h  subsystem A. 
redundancy reduced system mean-llfe below what It would have If no 
redundancy had 'been applied. 
dundancy would be 3,050 hours. 

Obviously, 
Actually, the  application of Massive 

The mean-life f o r  a system with no re- 

If switching redundancy is applied t o  subsystem A d t h  L replicas operating 
and 8-L i n  stand-by, t he  r e l i ab i l i t y  according t o  Kletsky (Ref 6 ) is: 

For the  case in point, 

m e 3  
L =  1 
d = 0.1 (see references 4 and 6) 
3,= 0 . 0 2 5  

Then 

Wltiplying and integrating t o  get system meen-life 
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Which is close enough t o  the  requlred 10,ooO hour mean-life. 

The re l i ab i l i t y  f o r  subsystem A with switchin% redundancy is: 

This is roughly equal t o  the RU ( t )  with Massive redundancy. 

Producibili-ky 

Maurer and Ricci (Ref. 9 ) have reconmiended 100 gate TTL ar rays  with 
fixed interconnection fo r  on-bo@ guidance crMPDUfer8 for  t h e  1970-72 period. 
This represents a two t o  two-and-one-half derating of the expected industry 
capability for  that  period. Petr i ta  (Ref.10 ) hss indicated tha t  fixed wiring 
arrays of 250 gates w i l l  be available. 
was made using a nazinmn of 250 - 300 gates per array. 
array, considerable interconnecting of c i rcu i t  elements on the array i s  
possible. During the second par t  o f  this study, about 100 gates per array 
w i l l  be the partitioning goa .  !Phe gate-to-lead-bond r a t io  2s expected t o  
deteriorate t o  the earteat that  a 100-gate asray w i l l  remre about 80 percent 
as maay lead-bonds as a 250-gate array. 

The first attempt at partitioning 
For t h i s  s ize  of 

Number of LSI Ty-pes 
!ke nlllDber of Is1 types is also dependent upon the  "natural" partition- 

ing of the machine. 
t he  array have gates which are useless for  some applications in order t h a t  t he  
array be useful for  many applications. This consideration must be exercised 
on the  first pass design which produces t h e  "natural" functions t o  w h i c h  t he  
r e l i ab i l i t y  =thodology is applied. 

Ways t o  minimize the nuxiber of types always require t h a t  

Is1 Package Size 

Package s ize  is determined by the s ize  of the  chip and the number of 
One 156 pin square prototype package has an area of approximately 2.5 3:' A 50-pin package whose hermeticity is considerably better is  1" x 2.5". 

Sqyare packages with pins on all four sides tend t o  make heat management more 
d i f f icu l t ,  but it is assumed tha t  the packaging problem per - se w i l l  be stlidied 
more filly i n  continuatiazs of the present study-. 
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Nuniber of Tersninal8 per IS1 Tspe 

Hermetically sealed packages are now available in up t o  50-pin versions. 
'Also availa3le are 128 and 156-pin plastic packages. While hermetic seals 
f o r  the larger.packages w i l l  be.more diff icul t  t o  maintain, it is expected 
that hermeticity of these packages w i l l  be sufficient. 

Testability 

The only design cd te r ion  for  the logic arrays is that  each memory 
element i n  the  a r r q  be capable of being set t o  a lmown state.  This avoids 
many of the UnSOlVed diagnosis problems. 
defective array should be part  of' t h e  design process, but can be delayed t o  
fairly l a t e  in the design iteratlon cycle. 

The generation of t e s t s  for  a 

Operational &viroment 

Aerospace applications have required cooling via  cold plate or cooling 
air. Generally, the worst envAromnents with respect t o  temperature and humidity 
are aircraft .  
safe levels with as a c h  as 2.5 watts per 250 gate m a y  with cold plate cooling 
(Ref. 11 ). 

Ordinary cooling methods are able t o  keep array temperatures a t  

Special Circuits 

Integration of special c i rcui ts  is considered highly important. 
pr ior i ty  should be given t o  memory circui ts  a t h  either plated wire o r  coinei- 
dent-current core memory. 

F i r s t  

@=stern Integration 

System integration consideratlons, while of great importance, will receive 
It is expected attention only as they relate  t o  the other design considerations. 

that  system integration per - se w i l l  receive greater attention in subsequent phases 
of the study. 

Packaging Method 

Wge cavity flat packs are assumed. 
secondary consideration in t h i s  phase of the study. 

Packaging studies will also be a 

63 



(1) Hsnailton Stardim3 R e p o r t  HSw508l, Seventh Qu&erly Progress Report 
for Research on Advanced a c k  Stage Guidance Computer Study, 
1 February 1968 t o  30 April 1968. 

United Aircraft D r a x i n g  Mo. 24000, *%CB Block Diagram",  approved 
8 March 1968. 

(2) 

(3) 

(4) 

Baechler, D. O., "State of the  Art  of Aerospaue D i g i t a l  Computers, 
1962-1967", Computer Group Mews, Vol. 2, No. 1, January 1968. 

Hooper, R. L. sad Amdahl, L. D., "Trends in Aerospace Computers", 
Datamation, November, 1967. 

(5) Anderson, E. J. and F. J. bdacri, "hhltiple Redundancy Applications 
in a Computer", Proceedings of the 1967 Annual Symposium on 
Reliability, January, 1967, pp. 553-562. 

(6)  Kletsky, E. J., "Upper Bounds on Mean Ltfe of Self-Repairing Systems", 
IF433 Transactions on Reliabil i ty and @&Uty C o n t r o l ,  October 1562, 
pp. 43-48, 

(7) Nerber, P. 0. ,"'Power-off Time I n p c ? t  on Reliabil i ty Estimates", 
IEEE International Convention Record, Part 10, March 22-26, 1965, 
New York, N.Y., 1965, pp. 1-8. 

Davis, L, K., G, A. Watson, and T. G. Schdrer, "Advanced Computer 
Dormant Reliability Study, Final Report" Autonetics Division of 
North American Rockwell Corp., October 16, 1967. 

Maurer, H. E., and R. C. Ricci, "Horizons in Guidance Computer 
Component Technology", IEEE Transactions on Computers, July 1968. 

Petri tz,  R. L., "Current status of Iarge Scale Integratim Technology", 
1967 F a l l  Joint Computer Conference, @IPS Proceedings, pp. 65-85. 

Computer Using Is1 Arrays", Digest 1968 Computer Group Conference, 

(8) 

(9) 

(10) 

(11) Jennings, R. C., ?Design and Fabrication of a General Purpose Airborne 

=, PP. 50-53. 





APPENDIX A 

IBM 4 Pi-= INSCFtW!PI~ IZST 

Fixed Point Instructions 

Uad 
Load 
Uad H a l f ' w ~ r d  
uad snd Test 
Mad Complement 
Load Positive 
Load Negative 
Add 
pdd 
AddHalftrord 
Add. Ibgical 
Add Iogical 
Subtract 
Subtract 
Subtract HalRrord 
Subtract Ugical 
Subtract Logical 
Compare 
Compare 
Compare Half'word 
Multiply 
Multiply 
Multiply Halfword 
Divide 
Divide 
Store 
Store Halfword 
Shift hft Single 
Shift Right Single 
Shift  I R f t  Double 
Shi f t  R i g h t  Double 

Logiaal Instructions 
Compare Logical 
Compare ljogical 
Compare Iogicsl 
And 
And 
O r  
O r  
Exclusive O r  
Exclusive O r  
Test Parity 

Ekecution Time (usec.) 

1.9 
5.0 
5 .o 
1.9 
2.1 
2.1 
2.1 
2.1 
5.0 
5-4 
2.1 
5.0 
2.1 
5.0 
5.4 
2.1 
5 00 
2.1 
5 .o 
6.0 
9.2 
10.4 
11.6 
2Q.Q 
20.8 

5.0 
5 *o 

Variable 
Variable 
Variable 
Variable 

1.9 
5.0 
5.4 
3.4 
5-0 
3.4 
5-0 
3.4 
5-0 
5.0 
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Apw9Drx A 
(continued) 

Ugical  Instructions 
Tes t  Under Mask 
Sumheck 
Insert Character 
%ore Character 
Uad Address 
Shift hf't Single Uglcal 
Shift  Right Single Logical 
Shift L e f t  Double Logical 
Shif't Right Double Ugical  

Branching Instructions 
Branch on Condition 
Branch on Condition 
Branch and L;Lnk 
Branch and Zlnk 
Branch on Count 
Branch on Count 

Status Switching Instructicms 
LO& program Status word (PSW) 
Uad PSW Special 
Set Program Mask 
Set System Mask 
Change Priority Mask 
Supervisor C a l l  
Set Storage Key 
Insert Storage Key 

Input/output ( I /O)  Instructions 
start; I / O  
Test I / O  
Halt I / O  
T e s t  Channel 
Read Direct 
Write Direct 

Ekecution Time (usec. ) 

5.0 
Variable 

5.0 
5.0 
2.9 

Variable 
Variable 
Variable 
Variable 

4.2 
4.4 
4.0 
4.1 
4.2 
4.4 

7.5 
9.0 
2.1 
5 .o 
5.4 
15.0 
4.5 
5.0 

Variable 
Variable 
Variable 
Variable 
Variable 
Variable 
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MNEMOIQIC/ 
OPERAND 

ADD X, V 

ADMX, V 

A M X ,  v 
AUXX, V 

BAR x, v 
CSKX, V 

D I V X ,  V 

DJX x, v 

DU) I[, v 
D S T X ,  V 

Exc x, v 
EXT x, v 
HAD x, v 
HIIt 

JANX,  V 

JAPX, V 

J A Z X ,  V 

J I X X ,  V 

J M P X ,  V 

I C H X ,  V 

UIAX,  V 

U I B X ,  V 

Add to Aecunnthtor 

pdd to  Memry 

-t Iadex Imm&tate 

Augment Index 

Branch and Return 

Character Skip if Espial 

Divide 

Decrement a d  Jurqp 
on Index Not Zero 
Doub le-precision lbad 

Double-precloion Store 

Execute 

Extra& 

Half ADD 

Halt 

Juq) on Accumulator Megative 

Jump on Accumulator Positive 

Jullg, on Accumulator Zero 

Jump on Index not zero 

Jump unconditionally 

bad Character 

bad Accumulator 

Ued B-register 

EgDc. TIME 
(usec) 

2 

5 

30 

2 

3 

10 

1 

2 

2 

2+ d 

2 

2 

2 

2 

2 

2 

2 

2 
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AgPElBDM B 
(contiwcsa) 

LTMX, v 
Mpyx, v 
PAS 

CMP 

ABS 

XAB or 
XBA 

TWA 

!rB4 

TAB 

TAX V 

TXAV 

AI(: l!J 

ARC N 

AIS N 

ARSN 

W N  

IRC M 

L I S N  

Ibsd Interrupt Mask 2 

rnltiply I 2  

Pamrs 2 

Complement contents 
of the accumulator 

2 

Set contents of accumulator 2 
positive 

Exchange contents of 
A and B register 

Wansf er (RWC current 
address) to A. 

2 

2 

Transfer contents of B-register 2 
to the accmlator 

Transfer contents of accumulator 2 
to the B-register 

Trassfer (A) to XRv 2 

Wansfer (XRv) to the accumnrlator 

Shift accumulator left cyclic Variable 

2 

Shift accmlator right cyclic Variable 

Shif t  accumulator left Variable 
arithmetic 

Shift  accumulator right Variable 
arithmetic 

shift AB left cyclic Variable 

shif t  AB rl@t cyclic Variable 

Shift AB left arithmetic Variable 
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ms B 
IRPn 

SRBX 

SIB 

RIB 

sm x 
S E  x 
S I X X  

SKE x 
pmx, v 

POT x, v 
m x, v 
PDT x, v 
FCB X, V 

RSS X 

SCHX,  v 
SKMX, v 

smx,  v 
smx, v 

Shift AB left arithmetic 
apEL protect 8%- of B 

shirt AB right srithrstic 

shu"t AB right a r i t M c  
aad protect sign of B 

Set/Reaet Interrupt Block 

Set Interrupt Block 

Resit Interrupt Block 

ship if signal is not set 

Control snd Skip 

Set External Signal 

sldp if External Signal is not set 

Peripheral inlput an8 skip 

Peripheral output snd sldp 

Peripheral Data Wausfer 

Peripheral Data h.ansf'er 

Peripheral Control 

Restore Stratus 

Store Character 

Skip if Accumulator and 
Menmry are equal 

Skip on Index Hi& 

Superimpose (Inclusive OR) 

QtEc. !rim 
(usee) 

Vartable 

Variable 

Variable 

2 

2 

2 

3 

4 

2 

3 

a 
ff skip 
4 

if no skip 

4 

Variable 

Variable 

Variable 

2 

7 
4 

4 

2 
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SSTX, V 

SFAX, V 

SfB x, v 
STI x, v 

STS X, V 

STXX, v 
S U B X ,  v 
SXI x, v 
TLY X, V 

XMLX, v 

ship if m r y  is zero 

Substitute 

Store AccumuLator 

Store B-register 

Store Interrupt Register 

Store Status 

store Inaex register 

Subtract from Accumlator 

Skip huediste on Index high 

Tally 

Exchange Interrupt Mask 

EXEC. TIME 
(wec) 

3 

7 

6 

6 

6 

7 

6 

2 

3 

7 

6 



A lTEvIEw OF LSI 'EEcHEIoLoGp 

The advancing capability of the semiconductor indus t o  fabricate and 
i n t e r c o m c t  100 or  more logic gates on -a  single si l icon 7! c i p  (i.e. , large- 
scale integration) w i l l  have a significant effect  on the organization and 
design of future digi ta l  systems. New requirements on gate-to-pin ratio, 
standardization, discretionary interconnect, testabil i ty,  and redundancy 
applications must be m e t  i f  systems are t o  use this advanced technology with 
efficiency and economy. 
semiconductor chip (or f u l l  sl ice) w i t h  a gate-to-pin ra t io  of a t  l eas t  two 
can be consibred a basic definition of large scale integration (LSI).  This 
technology offers the following advantages: 

'phe interconnection of a t  least  100 gates on a single 

1) cost 1970, 2.5# per gate i n  100 gate arrays 

1974, 1.w per gate i n  100 gate arrays 
(Noyce, Reference 1 ) 

2) Size loo0 good gates per 1.5-inch wafer 

3) Reliability More batch processing, less external 
interconnect 

4) Standardization Entire subsystems on single wafer 

5) Power Less drive required on wafer 

6) Speed Shorter l ine lengths, less  capacitance 

7 )  Packwin@: Less interpackage wiring 

In  order t o  obtain the above advantages, however, certain requirements on 
system organization must be met. 

LSI System Implementation Requirements 

I n  order to  realize the increased economy and re l iab i l i ty  of systems 
implemented i n  large chip or f u l l  wafer LSI, six requirements must be satisfied: 

1) Systems must be organized and partitioned t o  obtain a high gate- 
to-logic-pin ra t io  i n  order t o  maximize the use of wafer components. 

2) Efficient use must be made of standard logic ce l l s  more complex 
-than current integrated circui t  chips t o  obtain the economy of 
batch fabricated processing and interconnect. 
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Logic cel ls  must be defined t o  both facilitate autanated routing 
and to allow automated testing with a rest r ic ted nuuiber of test 
points. 

Mscretionary interconnection of logic elements mast be eliminated 
or minimized. 

Sufficient redundancy must be used t o  ensure rel iabi l i ty ,  
standaxdize logic cells, fac i l i t a te  automated testing, and allow 
economical interconnect i n  v i e w  of non-100 percent yields. 

Logic, including data flow paths and control, must be regularized 
and standardized t o  obtain the economy promised by mass production 
of LSI. 

/ 

!The following paragraphs describe these requirements i n  more detail  and 
discuss certain approaches t o  their solution. 

The requirement for  a high gate-to-pin ra t io  exists because the LSI 
component processing capability in a pin-limited package i s  beyond what can be 
uti l ized by most system designs. That is, LSI wafers of 2OOO usable gates may 
be packaged w i t h  150 external pins which suggests a desired gate-to-pin rat io  
of 10-to-15. But the typical ra t io  for current systems i s  only 0.8-to-5.0. 
Therefore, system organization must obtain a more eff ic ient  logic partitioning 
t o  m e e t  the LSI waf'er capabilities. In t h i s  respect, redundancy can be 
effectively used i n  the system partitioning t o  increase the ut i l izat ion of 
available components. 
the logic gate-to-pin r a t io  include: 1) RCA's LIMAC "distributed control", 
2) Litton' s "block-oriented canputer" with serially addressed arithmetic units 
on a common bus, and 3) Hughes' minimization of control logic by modular 
asynchronous processing units. 

Examples of system organizations aimed at  increasing 

The use i n  future computer systems of more complex logic cel ls  than 
current integrated circui t  chips w i l l  allow proportionately less discretionary 
interconnect between good cells. 
primarily the much-reduced yield of higher complexity cells. 
i n  the definition of c e l l  size are more components per area and simpler system 
t e s t s  f o r  large ce l l s  against more components per wafer and higher logic 
efficiency for smaller cells. 

The limitation on ce l l  complexity i s  
Other tradeoffs 

Since an LSI waf'er w i l l  probably be pin-limited, built-in test circuits 
providing fault detection signals can increase r e l i ab i l i t y  while faci l i ta t ing 
the testing of wafers with limited access. 
logic c e l l  of an LSI waf'er must be strongly considered i n  the definition and 
design of the cell.  

The abi l i ty  t o  easily test a 

Discretionary interconneetion'of logic elements must be eliminated o r  
minimized. Current approaches t o  this problem follow: 
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1) Mscretionary Sig I la l  R o u t i n g  and Mask HaIdng (Wxas Instruments) 

. Use of the d t i p l e  level interconnect generator (the MI0 
system) allows semiautamsted wafer routing. 

A t  l eas t  one ham of IBM 7044 c q t e r  t i m e  is required per 
wafer e 

. 

. 

. 
Six unique masks are required for  each wafer. 

Wafer failures resul t  i n  loss of the computer routing and 
mask costs expended. 

Unique problems of l ine  lengths, feedtbroughs, mask alignment, 
etc., occur. 

2) 100 Percent Yield (RCA, Fairchild, Signetics, e t .  al.) 

. Only limited size ce l l s  of 100 percent yield can be obtained. 
A large sasrple of a leading vendor’s high yield quad two-input 
W gate chips, for example, showed that 0.5 percent of the 
100-gate ce l l s  and none of the l a - g a t e  cel ls  had 100 percent 
ce l l  yields. 

. Although l ines  within a ce l l  can be routed by standard processing 
techniques, the 100 percent yield ce l l s  must be separated from 
the wafer or interconnected by discretionary techniques. 

. The majority of good cunponents are not used because they do 
not occur i n  ce l l s  of 100 percent yield. 

!!he approach i s  really a medtum-scale integration technique 
t o  increase the ccamplexity of system components beyond present 
integrated circui t  chips. 

As a true LSI amroach, it i s  both costly and inefficient of 
coanponents. 

3) Block-Oriented Approach (Litton) 

. No discretionary signal routing i s  required. 

. A simple discretionary address key i s  used external t o  the 
wafer t o  selectively address gooa cells. Additional wafer pins 
are required for the addressing. 

. Power i s  separately and selectively applied t o  the good ce l l s  
which increases the number of required wafer pins. 



. A significant loss (factor of 5 or greater) i n  computing speed 
results from the fac t  that common control and data busses must 
be used i n  a sequential manner t o  access the cells. 

. Only a limited set of programs could be partitioned in to  the 
independent calculations which are necessary t o  obtain system 
efficiency from the block-oriented approach. 

Developnent of I C  and LSI 'Eechnology 

To place th i s  discussion i n  the proper perspective, it i s  best t o  review 
Too often, past historg i n  the technology areas affecting aerospace systems, 

technology projections &ell on possible rather than on probable developaents. 
Two factors, other than purely technical elements, must be kept i n  mind i n  
projecting technological advances. 
cal. developent and the force of this developaent. 

These are the probable speed of technologi- 

Consider the speed of development of present integrated circui ts  (IC). 
The first effor ts  on integrated ciPcuits began i n  early 1957. 
have Just  recently reached military operational status. 

!These circui ts  

The following three basic factors contributed most t o  the rapid applica- 
t ion of I C :  
early decision t o  use I C  i n  the Minuteman dssile, and early improved 
performance a t  equivalent price of nonmilitary d ig i ta l  circuits. 
ment of I C  From laboratory through the first system followed a typical path. 
However, the rea l  impetus that removed I C  from high priced, specialized 
m i l i t a r y  parts so early was the commercial andchdustrial, not military, 
potential, This was probably not the case w i t h  transistors, but w i l l  be more 
the case wi th  large scale integration (LEX), The commercial potentials w i l l  
influence the general industry developents t o  a much higher degree early i n  
the l i fe  of major technolugical advances. 

early military support of I C  research and development programs, 

This develop- 

The reason for this is  the changed nature of military procurement. The 
emphasis on fixed-price contracts has forced a conservatism upon military 
electronics suppliers that may result i n  lower immediate costs, but also tends 
t o  delay the moving of major technologies from the laboratory t o  the field.  
A t  the same time, private investments are tending toward the ccmamercial 
industrial  areas . 

Three recent examples of t h i s  trend may be found i n  I C  packaging 
advances and dielectric isolation techniques, 
innovations i n  recent years i n  I C * s  have been the dual in-line package (DIP) 
and the plast ic  package. 
equivalent advances have been made, for example, i n  very high p e r ,  smal l  
size, high-reliability packaging for military application. U n t i l  recently, 
dielectric isolation has been studied by the major I C  companies primarily for 
application t o  extremely high-speed, commercial digi ta l  computers, and t o  a 

The two major packaging 

Both were motivated by colmaercial market needs. No 
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much lesser degree for  radiation hardening. 
effort  done has been only a t  the level directly funded by the military i n  small 
research and developuent contracts. 

The l i t t l e  radiation hardening 

The following considerations should be borne i n  mind when projecting 
advanced technology developments: new technology w i l l  reach maturity based 
primarily upon norrmilitary factors, technology related t o  cost w i l l  receive 
more emphasis than technology related t o  performance, and technology related 
t o  high volume w i l l  receive more emphasis than that related to specialized 
markets. 

LSI cost projection i n  the area of l# per gate are common for  the 1970 t o  
1980 era. motes of 15# per gate were received two years ago for  a full  
mil i tary specification part on a standard I C .  
nonrecurring tooling costs are ignored, and if  very large volume production is 
assumed, then the 1# per gate i s  possible. Without specific effort on the 
unique aerospace problems, such potential may  not be realized i n  time to 
benefit 1970 t o  1980 systems. 

If the in i t i a l  develoment and 

What i s  LSI? One of the first considerations i s  whether present I C  or 
LSI must be assumed. 
hybrid microelectronics, i s  a t  best vague and somewhat confused due to  promo- 
tional statements made by many company marketing organizations. A clarifica- 
t ion of the distinctions between these t e r m s  w i l l  help place this discussion 
i n  the proper perspective. 

'Phe distinction between these two areas and a third,  

Integrated circuits, or more exactly monolithic integrated circuits, 
differ from single transistors i n  that  a circui t  function i s  fabricated by 
batch processing methods with a very limited nuxiber of materials (silicon, 
silicon dioxide, aluminum), and processes (diffusion, bonding, and photo- 
lithographic techniques) . The successf'ul application of these techniques, 
while imposing circui t  limitations (no inductors, f e w  capacitors, no high 
value resistors), has permitted new circui t  design freedoms (abil i ty t o  use 
many transistors and t d l o r  each transistor specifically for  one circuit  only) . 
It has r e su l t ed in  overall economic and re l iab i l i ty  gains over discrete 
component designs. 
economic (yield) considerations. 
level of complexity, as set  by economic considerations, increases. Thus, it 
would appear a r t i f i c i a l  to  set the definition of an I C  by measuring i t s  
complexity. Also, i f  i n  the batch processing the materials and process 
limitations are violated, the end product can probably not be classified as 
an I C .  

The level of complexity of a given I C  i s  se t  primarily by 
As the industry improves i t s  yield, the 

By this reasoning, an I C  or LSL i s  not measurable i n  terms of complexity 
alone. 
hybrid circui ts  are merely collections of many materials and processes. 

The terms, "hybrid I C "  and "hybrid LSI" are contradActions because 
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If LSI denotes a new i t e m ,  there must be something more required t o  
distinguish it from any I C  or hybrid circuit ,  There are a t  l eas t  two  new 
factors that  permit t h i s  distinction. 
even though the part does not contain all operating subparts; this is  the 
discretionary wiring approach. 
an LSI par t  i s  a small system or subsystem, then i t s  use i s  probably i n  some 
way tatlored for  that  specific application. 

One i s  the ab i l i ty  t o  fabricate a part 

The other i s  the system design requirement. If 

On the basis of these distinctions, i f  a shift register, however large, 
i s  economical enough t o  produce on a 100 percent yield basis, it is  not an 
LSI part. Also, a collection of I C  chips a l l  mounted i n  one package, however 
complex, i s  not an LSI part, but merely a smnall I C  "black box". 

The implication is  that  a careful system design is  required-a design 
that  cannot only exploit the potential of advanced microelectronic technology, 
but do so i n  a manner consistent with good system design practices, w h i l e  
retaining advantages of cost and re l iab i l i ty  within the limitation of requir- 
ing only a few common parts, The requirement for low quantity w i t h  no increase 
i n  the number of unique parts i s  the problem that must be solved before LSI can 
be successfully used. 
complex I C .  

It i s  also the requirement that  distinguishes LSI from 

Device Considerations 

Potential. of MOmT Versus Bipolar Devices--If LSI i s  used, the next 
question i s  "what devices will solve the majority of the system requirements?" 
Bipolar devices used i n  the majority of today's microelectronic systems, have 
two disadvantages for meeting future requirements, 
and are potentially unreliable. 

They are high power devices 

The high m e r  limitation cannot be removed without several major 
simultaneous process breakthroughs. 
resistors on a wafer, methods t o  reduce overall device size including isola- 
t ion areas, and improvement i n  low current gain characteristics are required. 

The technology t o  build very large 

Since Bipolar devices &re current-controlled, the chances for eliminating 
one particular basic fatlure mechanism are few. 
the f in i t e  lifetime of the aluminum metalization due t o  f i lm temperature and 
current density, (Reference 2 ) 

This failure mechanism is  

I n  contrast, metal-oxide-silicon f ie ld  effect  transistors (MOSFET) are 

I n  addition, many fewer process 
voltage-controlled, are capable of being made much smaller than bipolar 
devices, and require no isolation regions. 
steps are required aiding i n  obtaining comparable yields for much higher 
complexity. 
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In considering low paver applications for  frlbos cirouitry, there are several 
tradeoffs between p-WOS, p-MOS multiphase, ad MOS, coraplenlentary, 
and canplementary on sapphire typos. The c 
inherent zero, o r  negUglbls power provides the lowest p m r  c i r c u i t q  for  
general application, However, it s problems t h a t  are still t o  be solved 
in fabrication. 
transients driving capacitance loads, thus affe 2:aEpplications. 
The capacitance load can be reduced by fabricat  MOS on sapphire. 
U t i o n a l  procesising problems are envisioned, h which would probably 
result in the first c i rcu i t s  not being availsble in rats quantity uud medium 
complexity fo r  a b u t  one year. 

by virtue of its 

In addition, its use resul ts  In p loss h e  t o  switching 

Multiphase p-MOS in shift register q p l i c a t  rate at as low power t~ 
applications ae a power complementary MOS, but is usef'ul only in s h i f t  

S 

and reliably. 
effect. P-MOS aarltiphase sh i f t  registers are available now and work well 

P-MOS logic can be operated &low frequency as a means of reducing power and 
is presently available. 
complementary MOS operating at the same speed. W h i l e  similar processing steps are 
required for  both p-WS and n-MOS, p-MOS has received more  emphasis because it is 
somewhat easier t o  manufacture. 

It will alwqys have substanti Uy higher power than 

For the 1970 t o  1980 era, the compleiuentsry s i l icon on sapphire would appear 
t o  offer the  most promise. Depending upon system requirements, complementary 
device parts can be &e, at a slight increase in processbq complexity, permit- 

U.ng even less power disrripation than single-device type MOSFET circui ts  while 
permitting increased circui t  speed. MOSFET devices wtth complementary pairs used 
where appropriate would appear t o  be Indicated fo r  development Companies 
such 88 RCA, Westinghottee, and Hughes are now produ rot0-e complementayy 
MOS circuits.  Expesiauental ion-inplanted Mo9 darpfc d.80 available. They 
offer at least a three-fold increase in speed over conventional MOS. 

-- "he advancing technology 
influepcing computer development f o r  the ensuing tea 
Influence of batch fabrication. With t h e  objectives cost, reliability, per- 
formance, msintalnability, and s ize  Improvements, the use of MSI by the  esrly 
1970's and Full IS1 in the late 1970's w i l l  be evident in operational aerospace 
computers. 
circuitry, higher power circuits,  and prototype circuitry w i l l  continue t o  play 
a relatively small part  in the design and fabrication of production aerospace 
computers, Integrated circui ts  will psovide the m j o r  ion in production 

L-3050; and RCA VrC-36A, all presently in developxnent.3 designs configured 
during t h e  next few years will use IS1 designs completed by 1973 t o  1974, and those 
reaching the  operational scene by the mid or  late 1970's will use full IS1 for  

ars is underscored by the  

C u r r e n t  hybrid thick and thin" f i l m  technology, for  input/output 

computers going t o  the field i~ the  early 1970's (e.g. 6 9  HCM-205; u t t m  

arithmetic units, logic, control, and ry. 

MOS technolo= offers lower parer, potentially higher yields because of 
simpler processing, 4 t o  10 times s ize  improvement, and resultant cost savings 
stemming f r o m  processing, yield, and density g&ns, 
MOS will find a 30-percent ut i l izat ion i n  the central  processor by 1973 and 50- 

O f  a l l  usage (MOS and bipolar), 



IS1 entai ls  the increase of logic per component as shawa &y Figure 41. This 
results from the advance in wafer technolo 

device s ize  resulting from a cotlibination of optical, 
diffttsbg technology. 
and logic organization within th8  
Since the cost of added IS1 gates is 
an entire f7anction on the wafer, repe 
techniques for  mi&ulzing pins wil l  be required. 
gate-to-pin r a t io  trend through the 1970's for coqputsrs. The increase 
in  gates per w a f e r  brings a cost reduction aft 
i n i t i a l  device diffusion 1 as at aubsequent l o  interconnection. Pro- 
jected cost, the most pr  logical the, is plotted 
in Figure 44. Current pro 
cuitry over bipolar. The barsic reason for  t h i s  is the  greatly in reaped complexity 
per uni t  area of si con; a MOS transistor requires 10 t o  100 mil of si l icon versus 

fewer)= required for the MOS device. The ultimate cost of MOS would seem t o  be 
bounded by wafer size and yield growth versus optical limits on individual device 
area and interconnection comglexity; projections of these factors support continued 
reduction In unit  cost f o r  MOS a8 shown in Figure 4.4, 

that  w i l l  bring 

and etching: or  
es a partitioning 

of pin Ilaaitation for t he  wafer. 
e, t h e  approach of Interconnecting 

by 1975 an increase in ySeld (see F i m  g3: 2) on the d e r ,  and a A c t i o n  in 

Ifhe Increase In lo@ per wafe 

Ruactltms, and the w e  of new 
F I  shows t he  projected 

batch fabrication at  

o m  fndicate a cost advantage in favor of MIS c i r -  

B 
-half a8 m ~ l ~ y  process steps (or over 100 t o  lo00 mil Y for  bipolar. Also, only 

Reduced device s i z e  on the chip coupled with =re devices on a single chip 
mean smaller signal t rans i t  times, shorter inter- 
parer, 
connections must be used. 
shown on Figure 45. 
remain in the  15 t o  50 MIz range, but tend 
la te  1970'8, Although currently slower, eo MOS devices using ion- 
implant techniques t o  eliminate the gate- 
feedback capacitance) are expected t o  meet 
seconds by the mid 1970's. I n  complement 8,  almost a l l  power is 
expended for transient operationj therefore, a linear gate delay-power constant 
can be plotted as shown in Figure 46. 

ections, and reduced 
To capitalize on t h i s  speed improvement, md optimized wafer inter-  

Speed projections for  the ensuing era of the  1970's are 
For t h e  near term, bipolar switching speeds are expected t o  

low nanosecond range by the  

lap (thereby reducing Hller 
approaching three nano- 

2 Devic density currently ranges from under 10 mil f o r  developmental units 
t o  200 mil for MOS devices, and 4 t o  10 time8 greater an t h i s  *or bipolar. 
MOS device8 are intercomihted within cells Pnuch t h y  as Individual bipolar 
circuits. Ty-pical ce l l s  from t o  5 lail . The trend is  expected t o  
show an area reduction f o r  MOS t o  under 10 all /gate in  f ie ld  equipment by the  late 
1970's. (See Figure 4'7.1 Multilayer Interconnection of the ce l l s  and circui ts  Will 
form the desired function; nartechniquea , discretionary wiring, or  100 percent 
yield techniques Will be used. 

Bipolar Integrated circuit f s i lu re  rates have improved from approxbmtely 0.4 
percent per lo00 hours in  1962 t o  0.003 percent per lo00 hours i n  1967. The 1980 
predicted re l iab i l i ty  for  MOS integrated circui ts  is 0.0001percent per laX, hours. 
Figure 48 i l lus t ra tes  the likely cross-mer t h e  for  bipolar and MOS arrw fail- 
rates t o  be between 1972 and 1973. 

5 
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Figure 41. Logic per Wafer Computers 

Figure 42. Device Yield on individual Wafers 
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Figure 44. Cost/Gate - LSI in Computers 
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Figure 46. Delay-Power Figure-of-Merit/Bit (MOS), Power/Bit (Typical MOS 
and Bipolar 
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Figure 47. AreaIGate 
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Figure 48. Device Failure Rate 
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Complexity of computer functions will increase by a factor of 2 t o  4 by 
1973 and 6 t o  10 by 1980, 
functions i n  an effor t  t o  retain signals within a given wafer, Also, added 
gates are available a t  l i t t l e  or  neglible cost and power i s  an indzrcement t o  
use them for greater performance (Le., parallel  operations). I n  addition, 
more self-test, fault isolation and repair circuitry will be incorporated, 

This i s  attributable t o  the necessity t o  duplicate 

-Microelectronics (LSI) Problem Areas 

The introduction of I C  in to  computer design resulted i n  a drastic decrease 
i n  size and cost relative t o  discrete component machines. 
more complex chips continues i n  the form of LSI toward the possible goal of a 
"computer on a chip". 
result of increasing complexity, 

'Phe trend toward 

Huwever, several problem areas have developed as a 

The primary problem is, of course, yield. As the chip s i ze  and complexity 
increases, the probability of a perfect or near perfect chip falls off very 
rapidly. 
chip" approach severely l i m i t s  the nrurimum chip complexity, 
for breaking down this caanplexity barrier have been moposed, 

Without considerable improvement i n  process technology, the "perfect 
Several approaches 

Techniques are being developed at  several companies (including Hughes, 
Texas Instruments, and IBM) t o  develop a discretionary wiring system that w i l l  
allow the randamly located bad circuits of a semiconductor wafer t o  be omitted 
from a two-layer interconnect, which foms a Aznction block from the good 
circuits on a wafer, While each w a f e r  has different internal interconnections, 
the wafers that have identical Aulctions w i l l  appear identical, 
studies show that  random flaws i n  the basic si l icon l imit  fixed-wiring schemes 
t o  chips of about 150 by 150 mils (depending on what constitutes an acceptable 
yield). 
tion. The yield on the interconnect and packaging is  now the limitation, 
Present indications are t h a t  one-inch diameter s l ices  with discretfonary wiring 
w i l l  have sufficiently high yields t o  be feasible. The question of how t o  
most economically achieve discretionary wiring remains t o  be resolved. 
straight-forward use of present metallization techniques would require the 
generation of a new second metallization layout for  each unique cornguration 
of c e l l  defects, 
developed layoUes w i t h  computer-controlled photoresist exposure. 
plan being developed a t  Hughes greatly reduces the cmputer t i m e  required t o  
develop the metallization configuration. 

Theoretical 

W i t h  discretionary wiring, the silicon f l a w  i s  no longer the limita- 

The 

This approach can be expedited by the use of computer- 
A proprietary 

A s t u d y  i s  presently being carried out at  Litton on an entirely different 
approach. It i s  proposed that each chip should carry a multiplicity of 
arithmetic units usable as ser ia l  DDA's, or limited general processing units 
that form the components of a block-oriented computer, This  approach improves 
the gate-to-pin r a t io  t o  the point where the selection of 'good' units can be 
accomplished by discretionary wiring external t o  the chip, 



Another LSI problem area involves the interconnection pins. As chip 
complexity increases, the increasing number of external connections required 
becomes awkward, 
performs a more or less independent function, the interconnect density can be 
reduced. 

By carefully partitioning the circtdtry so that each chip 

Computer-aided design can be used to advantage here. 

As more gates are put i n  a package, it i s  noted that  the number of leads 
per gate decreases. 
entirely within the package. 
connections external t o  the I C  packages, the computer re l iab i l i ty  will increase, 
provided the more complex packages are not sufficiently l e s s  reliable. 
choosing the level of integration that w i l l  be used for future aerospace 
systems, the complexity-cost and complexity-reliability tradeoffs must be 
carefully considered. 

This resul ts  from the fac t  that some interconnections are 
As a result of the reduced number of inter-  

I n  

Increases i n  component density create the problems of greatly increased 
Power dissipation power density and greatly reduced access for mainte a c e .  

quiring very efficient heat transfer. 
the maintenance problem i s  the use of test circuits bu i l t  i n  a t  the circui t  
and/or module level, since small size i s  m a k i n g  physical access to  numerous 
t e s t  points increasingly difficult ,  and certainly impractical, 

f o r  state-of-the-art devices i s  typically 1 watt/in f ; this c a d  increase re- 
Probably the only practical solution t o  

The success of microelectronics to date has been partially due to  device/ 
c i rcui t  standardization. To fully exploit the advantages of the emergent LSI 
technology, standardization a t  a higher functional level w i l l  be required. 
(Consider that a computer arithmetic and control unit  may be bui l t  i n  10 or 
even fewer packages within perhaps two years.) 

Many projections as t o  the future of LSI contend that  it w i l l  be limited 
t o  high production corimrcialmachines for  the near future because of the 
high design and tooling costs. 
military market could be hastened by the use of computer-aided design and 
computer-controlled mask generation t o  reduce i n i t i a l  costs and turnaround 
time. 
expected t o  a id  i n  this function. 

The ~ide-spread entry of LSI into the 

The automated design f ac i l i t y  presently being organized a t  Hughes i s  
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After dillgent review of the work peflorrmSa under t h i s  contract, no 
new innovation, discovery, improvenent or invention beyond that mentioned 
in our proposal was made. 




